Electroless nickel boron coatings were prepared from thallium and lead-free alkaline bath. The influence of surfactants on the properties of electroless nickel boron coatings was studied. Three surfactants namely sodium dodecyl sulfate, cetyltrimethyl ammonium bromide and 3-(N, N-Dimethylmyristylammonio) propanesulfonate were used. Morphology, microhardness, surface finish, topography and corrosion resistance of the coatings were evaluated. Electroless nickel boron coatings with addition of surfactant sodium dodecyl sulfate, cetyltrimethyl ammonium bromide and 3-(N, NDimethylmyristylammonio) propanesulfonate results in a smooth surface, with an average roughness value (R a ) of 0.220 mm for cetyltrimethyl ammonium bromide, 0.198 mm for sodium dodecyl sulfate and 0.174 mm for 3-(N, NDimethylmyristylammonio) propanesulfonate which are less than the R a without surfactant addition (0.256 mm). The deposits had a microhardness value of 590 and 743 HV in the as-plated and heat-treated conditions, respectively. With addition of sodium dodecyl sulfate, cetyltrimethyl ammonium bromide and 3-(N, N-Dimethylmyristylammonio) propanesulfonate, a significant improvement in the microhardness is observed. Potentiodynamic polarization tests were carried out in 3.5 wt% NaCl to determine the real anticorrosion performance of the electroless nickel boron deposits. The entire experimental procedure, the results achieved, and their investigation are presented in this paper.
Introduction
Electroless deposition is an eminent technique for preparing thin films of metals and their alloys. Electroless nickel has been used for many years to provide a hard, corrosion-resistant surface finish to engineering components in many applications such as automotive, chemical processing, and other industries. In recent years, its application has been extended to the electronics industry for the production of solderable surfaces on printed circuit boards. 1 Electroless nickel boron (ENi-B) deposits obtained from sodium borohydride are lesser known, whereas they are known to have better properties suitable for industrial applications. They possess better hardness than ENi-P deposits and also exhibit good electrical and tribological properties. Nickel boron deposits with less than 1% boron have applications in electronic devices. 2 Nowadays, the noxious of electroless bath has been espied very seriously due to the current ecological issues. Thallium and lead have been controlled worldwide due to their harmful effects to human beings through chronic contact. Development of thallium and lead-free electroless bath composition has consequently become mandatory. 3 The abolition of thallium and lead in bath composition leads to considerable abatement in the noxious risk during plating and disposal. 4 Therefore, in this study a nontoxic compound, tri sodium citrate, is introduced as a stabilizer. 5 The properties of ENi-B deposits on aluminum alloy obtained from tri sodium citrate as stabilizer has not been fully explored so far.
Agents that alter interfacial interactions are called surfactants. Surfactants are amphiphilic molecules, which means they have both hydrophobic and hydrophilic moieties. Surfactant is attracted to the substrate surface and yields a low and relatively constant surface tension. The presence of surfactant in the electroless bath improves the wetting of substrate surfaces and to give enhanced deposition. 6 Many researchers have reported the role of surfactants on the properties of ENi-P deposits [7] [8] [9] but there is no hypothesis concern about the role of surfactant type and its concentration in ENi-B coatings. Therefore, the ultimate objective of this study is to explore the effect of surfactants on the properties of ENi-B coatings obtained from tri sodium citrate as a stabilizer.
Materials and methods

Sample preparation
ENi-B depositions were performed on aluminum alloy disks with 24 mm diameter and 5 mm thickness with nominal composition of Si 0.4, Fe 0.5, Cu 2.0, Mn 0.3, Mg 2.9, Cr 0.28, Zn 6.1, Ti 0.2, and Al balance in wt%. Aluminum and its alloy unveiled to atmosphere are camouflaged by impenetrable oxide layer which must be evacuated before coating. Therefore, to enhance adhesion, proper pretreatment is obligatory.
General steps used for ENi-B deposition on aluminum substrates
Delaunois et al. 10 propose the steps to be followed for electroless Nickel deposition on aluminum substrates. Sample preparation for coatings was as follows: (a) mechanical polishing with wet 400, 600, 800 and 1000 grit SiC paper, (b) cleaning with acetone followed by a methanol wash, (c) acid pickling for 2 min (10% HNO 3 þ 3% HF by volume), and the samples were carefully rinsed with demineralized water between each step. The deoxidized samples must be guarded during the move with zincating treatment, to avoid reoxidation of vastly activated aluminum samples. The zincate layer redissolves in the bath, giving oxide-free surface for adherent coatings. 11 Makoto et al. 12 have reported that the highest adhesion strength is obtained by the double zincate treatment. 12 Double zincating is repeating a conversion treatment by alkaline zinc solution twice preceding to plating. Therefore, in this work double zincating is done prior to intermediary treatment (see Table 1 ). Zincating bath composition and the operating conditions are listed in Table 2 . Owing to their high alkalinity, electroless nickel bath containing sodium borohydride are highly corrosive. A protective intermediate ENi-P layer may be deposited by immersing in an electroless nickel bath containing sodium hypophosphate. The Ni-P bath composition and other parameters ate listed in Table 3 . The electrolytes were prepared by mixing proper amounts of reagent grade chemicals in demineralized (DM) water. The ENi-B plating bath composition and other details are listed in Table 4 . According to manufacturer's recommendation, (Sigma-Aldrich), different concentrations (0.1, 0.2, 0.3 and 0.4 mM) were used for 3-(N, N-Dimethylmyristylammonio) propanesulfonate (3-NNDMPS), whereas for sodium dodecyl sulfate (SDS) and cetyltrimethyl ammonium bromide (CTAB), 4.16 mM and 4.11 mM concentrations, respectively, were alone used which were are the optimized concentrations for electroless nickel depositions which is reported earlier elsewhere by the Sudagar et al. 13 are used as the surfactants for ENi-B coatings. The bath temperature was monitored and controlled using a proportional integral derivative (PID) controller at 85 AE 1 C. The pH of the bath was maintained at 12 AE 1 by adding suitable quantity of NaOH solution.
Heat treatment was performed in a furnace at 400 C for an hour.
Sample characterization
The surface morphology of the deposits was characterized by scanning electron microscopy (SEM) (Quanta, Model: FE 250). Energy dispersive X-ray (EDX) analysis was carried out to measure the amount of nickel and boron content in the deposits. EDX measurements were performed on a SEM system equipped with EDX attachment. X-ray diffraction (XRD) patterns of the coated samples were carried out on a computerized Pan alytical X'Pert PRO diffractometer with Cu-Ka (l ¼ 1.5418 Å ) radiation. The data of 2y from 10 to 80 were collected at 13 /min with a step size of 0.03
. The surface topography of ENi-B deposits was observed by (AGILENT -5500) atomic force microscope. Surface roughness measurements of the deposits were carried out using a surface roughness tester (Mitutoya surftest SJ201) on different places of the samples, and then the values were averaged. Microhardness of the coated samples was estimated using a Micro vickers hardness tester (Matsuzawa MMT-X series) under a load of 100 g for 15 s. Five measurements under the same condition were carried out and the average was reported as a hardness value VHN. The rate of deposition for ENi-B coatings was evaluated in terms of gain in weight on the plating, area of the plated surface and density of nickel. The rate of deposition can be evaluated using the equation 16 Rate of deposition ¼ W Ad t Â 10 4 mm h where W is the weight of nickel deposited in g, A is the area of the coated surface in cm 2 , t is plating time in hours, and d is density of nickel in g/cm 3 .
Results and discussion
Effect of zwitterionic on coating thickness
The surface of Al substrate generally has a tendency of attracting the nickel particles to a certain extent towards the surface. In order to enhance the population of nickel particles, the zwitterion has been introduced in such a way that, a sort of Donon membrane equilibrium is set up. 9 The negatively charged particles of the zwitterion ions are capable of forming a Helmholtz double layer. The counter positive ions of the zwitterions are available there, to keep the double layer stable, avoiding the lability of the negative ions. Due to this stabilization, the charged particles of the fixed perrin double layer (substrate) are found to help the nickel particles to adhere to the surface of the substrate, The zwitterion environment gives a close packing so that the density of nickel is observed to be greater, while it is compared with a non-zwitterion environment. In the presence of SDS or CTAB, the lability may be considerably more, to hinder the deposition of nickel. When the concentration is minimum, the environment favors the chemical reaction, 17 whereas at higher concentrations the mobility of the ions is hindered, not to fascile the reaction. Therefore, at the lowest concentration of 0.1 mM, the rate of deposition is enhanced. Influence of surfactant concentration on the coating thickness is shown in Figure 1 . The thickness was 14 mm in the absence of surfactant, and when compared to the work reported by previous researchers, 18 ,19 the coating thickness achieved was slightly low. The reason for this may be attributed to the use of thallium as stabilizer which gives better stability and higher deposition rate. In the present study, instead of using thallium, tri sodium citrate has been used which eliminates the toxicity risks.
Effect on surface morphology
The surface morphology of the deposits was studied using scanning electron microscope. In the case of ENi-B deposit without and with zincating shown in Figure 2 (a) and (b), the nickel deposition starts to develop by nucleation only after the dissolution of zinc in zincated aluminum substrate, and therefore as shown in Figure 2 (b) the ENi-B deposit is obtained with a typical cauliflower-like structure. 10 The SEM images of the deposits with unique concentrations of SDS and CTAB, and different concentrations of 3-NNDMPS are presented in Figure 3 . The morphology of the deposits changed after the addition of different types of surfactants. The amount of deposition is increased in the presence of surfactants (SDS and CTAB). 7 Evidence for this is provided by the SEM images (Figure 3(a) and (b) ). In the presence of 3-NNDMPS, the coatings have a smooth surface and the nodules are absent (Figure 3(c) to (e)), and the reason is the amount of deposition enhanced on the surface of the substrate. 9 This is due to the fact that at 0.1 mM CMC, the surfactant reduces the contact angle between the plating solution and the substrate and leads to improved wettability. 20 At very high concentration, the surfactant starts aggregating into micelles. Therefore, at 0.4 mM the morphology of the deposits was frightful (Figure 3(f) ), and the reason being the surfactant molecules forms into aggregates lying on the substrates which will give nonuniform distribution of surfactant molecules in substrates. As a result, nonuniform deposit of ENi-B takes place and the resulting surface morphology would deteriorate. 21 In the as-plated structure, the particles are loosely packed, so that a coarse surface is observed as seen in Figure 2(b) . Figure 4 shows the heat-treated ENi-B deposits, which displays a smoother as well as a close packed environment to disclose denser population.
Energy-dispersive X-ray studies Figure 5 shows the EDX analysis of ENi-B coatings. It divulges the percentage of Ni and B content present in the coatings. Comparing nickel and boron, because of the size of the atoms, boron is preferred to get accommodated on the surface than the nickel particles; thus we find that boron shows a greater density of deposition on the substrate in the presence of surfactants. It is seen from the Figure 5 (a) that for the coated sample without zincating, a negligible amount of nickel was quantized along with major portion of Al through EDX spectrum. The Al signal in the spectrum reveals that the aluminium is covered with an oxide film which hampers the development of initial nickel layer deposition. For the samples coated with zincating ( Figure 5(b) to (e)), only Ni and B elements are present. Zincating removes the budding oxide layer and covers the aluminum samples with a skinny layer of zinc. Zinc acts as a stimulant and tends to sacrifice itself during the deposition. Delaunois et al. 10 have reported that, after suitable zincating treatment and Ni-P deposit, a uniform metallic grey and intense Ni-B deposit, on an aluminium 1050 substrate. Taka´cs et al. 22 reported that fairly smooth ENi-P layers were obtained after the pretreatment by zincating. The observations based on the experimental results conducted in this study were matching with the results of the above-reported research work.
X-ray diffraction studies
The XRD studies of as-plated and heat-treated ENi-B deposits are well established in literature. 23 Figure 6 shows the XRD patterns of as-deposited ENi-B coatings, obtained from the alkaline bath with citrate as stabilizer which is crystalline in nature. 24, 25 The peaks as seen from the pattern at 2y is equal to 39.5 and 44. 5 which represents nickel, confirms the deposition of nickel on the substrate. After heat treatment, the structure changed to nano crystalline and presence of Ni 3 B is quite observed in the XRD spectrum and pure nickel is observed with lowest intensity possible (see Figure 7) .
Microhardness of the coatings
The microhardness of ENi-B coatings in the as-plated and heat-treated conditions is shown in Figure 8 . For all the coatings, the microhardness is found to be higher for coatings deposited with surfactant 8 with and without subsequent heat treatment, than those in as-plated condition. This is due to the enhanced deposition of boron in the presence of surfactant. However, the major part of the hardening may be caused by phase transformation from as-deposited coatings to nano crystalline Ni 3 B nickel-boride after heat treatment. 26 The structure of Ni 3 B has been confirmed by XRD measurements.
Corrosion characteristics
The critical micelle concentration (CMC) is a key sign in finding the effectiveness of surfactants as corrosion inhibitors; above CMC, the surfactant does not alter the surface tension and the corrosion rate. 17 The corrosion resistance of the bare, ENi-B coatings without surfactant and with zwitterionic surfactant at 0.1 mM was investigated by potentiodynamic polarization tests in 3.5 wt% NaCl (shown in Figure 10 ). The corrosion parameters (see Table 5 ) indicate that the ENi-B coatings without surfactant assured excellent protection of aluminum alloy against corrosion. This may be due to the fact that surfactant (above the CMC level) in the electrolyte, in addition to the ions in the aqueous solution, produces a micro galvanic cell which is observed by means of the oxidation potential of the respective metals. In the present case, nickel-coated aluminium when suspended in 
Surface roughness and topography
Surface roughness of the ENi-B coatings was measured using Mitutoya Surftest SJ 201 stylus instrument, and the values are given in Figure 9 . The average roughness value (R a ) of the coated samples showed there is a significant improvement in the surface finish after adding surfactants. Elansezhian et al. 7 studied the surface morphology of electroless coatings with addition of SDS and CTAB, and reported that in the presence of surfactants, the substrate surface results in a smoother surface finish. Similar results were observed in the present work also. The surface topography without surfactant has more coarseness, and after surfactant addition the surface shows enhanced smoothness. The average surface roughness value R a is 0.174 mm and R z value is 0.788 mm for zwitterionic at 0.1 mM (Figure 11 ) which is smaller than the value of 0.220 mm for CTAB, 0.198 mm for SDS, and 0.256 mm for without surfactant addition. 
Conclusions
In this study, electroless nickel boron coatings were prepared from thallium and lead-free alkaline bath. The effect of SDS, CTAB and 3-(N, NDimethylmyristylammonio) propanesulfonate surfactants on the properties of the coatings were evaluated and the following conclusions are drawn:
. Surface topography and surface morphology reveals that the smoothness of coatings increased by 32% when compared to coatings without surfactant. . Microhardness of the coatings improved with addition of surfactants to about 15% for SDS, 20% for CTAB and 44% for propanesulfonate from the values for as-plated condition. . Microhardness of the heat-treated samples resulted in an improvement of 9% for SDS, 10% for CTAB, and 24% for propanesulfonate. . XRD shows that addition of SDS, CTAB and propanesulfonate promotes formation of crystalline phases in the deposits. . EDX analysis confirmed that zincating enhances the nickel deposition. . The corrosion resistance of ENi-B deposits without surfactant is higher than with addition of surfactant. The presence of zwitterionic surfactant molecules lowers the corrosion resistance. . Among the three surfactants, propanesulfonate is the most efficient for improving the hardness and surface finish. The optimum content of propanesulfonate is 0.1 mM per liter.
Declaration of conflicting interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article.
